TnS mutagenesis was coupled with a competition assay to isolate mutants of Bradyrhizobium japonicum defective in competitive nodulation. A double selection procedure was used, screening first for altered extracellular polysaccharide production (nonmucoid colony morphology) and then for decreased competitive ability. One mutant, which was examined in detail, was deficient in acidic polysaccharide and lipopolysaccharide production. The wild-type DNA region corresponding to the Tn5 insertion was isolated, mapped, and cloned. A 3.6-kb region, not identified previously as functioning in symbiosis, contained the gene(s) necessary for complementation of the mutation. The mutant was motile, grew normally on minimal medium, and formed nodules on soybean plants which fixed almost as much nitrogen as the wild type during symbiosis.
TnS mutagenesis was coupled with a competition assay to isolate mutants of Bradyrhizobium japonicum defective in competitive nodulation. A double selection procedure was used, screening first for altered extracellular polysaccharide production (nonmucoid colony morphology) and then for decreased competitive ability. One mutant, which was examined in detail, was deficient in acidic polysaccharide and lipopolysaccharide production. The wild-type DNA region corresponding to the Tn5 insertion was isolated, mapped, and cloned. A 3.6-kb region, not identified previously as functioning in symbiosis, contained the gene(s) necessary for complementation of the mutation. The mutant was motile, grew normally on minimal medium, and formed nodules on soybean plants which fixed almost as much nitrogen as the wild type during symbiosis.
The ability of certain strains of Rhizobium or Bradyrhizobium to dominate nodulation of legume roots when other strains also are present in the rhizosphere is termed competitiveness. Indigenous Bradyrhizobium japonicum populations in the soil are usually more competitive than inoculum strains (e.g., see references 5, 16, 22, and 29) , thus limiting the potential of enhancing nitrogen fixation by using superior inoculum strains. Many factors influence the ability of a strain to nodulate, including inoculum size, soil type and pH, genotype and population of indigenous strains, plant cultivar, persistence in soil (saprophytic competence), etc. Despite the advances in our understanding of the nif, nod, and hsn genes of rhizobia (19, 26, 34) , not much is known about the specific determinants of competitive characteristics (13, 33, 38, 44, 47) . In Rhizobium leguminosarum bv. trifolii, one determinant of competition is the ability of a strain to produce a bacteriocin (48) . In R. leguminosarum bv. viceae, a gene has been isolated which controls a phenomenon described as competitive nodulation blocking (8) . In slow-growing Bradyrhizobium species, competitiveness is correlated primarily with serology and geographic location of the indigenous strains (5, 7, 27, 35, 38, 42, 44) .
Rhizobium and Bradyrhizobium species secrete several different polysaccharides which may be involved in symbiotic interactions (19, 26, 34) . These include extracellular polysaccharides (EPS), capsular polysaccharides (CPS), fipopolysaccharides (LPS), and periplasmic 3-glucans. The EPS and CPS appear to be essential for Rhizobium species which form indeterminate nodules on legumes (10, 31) , while LPS play an important role in the formation of determinate nodules (40, 46) . Studies by Dylan et al. (14, 15) suggested a definitive role for R. meliloti periplasmic I3-glucans in symbiotic interactions with alfalfa.
We postulated that the EPS or CPS also may be involved in interstrain competition for nodulation. Therefore, TnSinduced mutants of B. japonicum USDA110 were screened for nonmucoid colony morphology (Exo-phenotype) on minimal medium. Further screening for competitive defects was done by adapting a competition assay (36) to identify mutants which failed to occupy a significant proportion of * Corresponding author. nodules on Glycine max cv. Williams when coinoculated with a competing strain. We isolated four mutants with decreased ability for competitive nodulation (Com-), and we describe mutant strain A3. A preliminary report of this work has appeared (2).
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. B. japonicum USDA110 was from the USDA Agricultural Research Service National Rhizobium Culture Collection, Beltsville, Md. MC617 is a Nod' Nif derivative of B. japonicum USDA 1-llOARS (resistant to 10 ,ug of azide, 500 ,ug of rifampin, and 200 ,ug of streptomycin per ml), and it was a gift from L. D. Kuykendall of this laboratory. Strains NAD168 and NAD174 are slow-to-nodulate Tn5 mutants of B. japonicum USDA110 (9) and were obtained from G. Stacey (University of Tennessee). The B. japonicum strains were maintained and grown on minimal medium containing HM salts plus arabinose and gluconate (6) . When appropriate, media were supplemented with antibiotics. Escherichia coli strains were grown on LB medium (43) .
Random TnS mutagenesis. Introduction of Tn5 into B. japonicum USDA110 was accomplished by conjugative transfer of plasmid pBLK1-2 (25) . TnS encodes resistance to kanamycin and streptomycin (200 pig/ml each) in Bradyrhizobium spp. These antibiotics were used to select for strains with Tn5 insertions, and chloramphenicol (25 ,ug/ml) was added to counterselect against the E. coli donor. B. japonicum USDA110 is naturally resistant to chloramphenicol at this concentration. Resistant colonies were purified by replating, and after 8 to 10 days of growth, colonies with altered morphology were selected.
Nodulation studies. Plant assays were done either with modified Leonard jar assemblies (51) or in a Monmouth fine sandy loam soil (7) in plastic pots (17.5-cm diameter (23) . LPS was electrophoresed through 4% stacking and 12.5% separating gels, using the buffer system of Laemmli (30) with the following modifications: 4 M urea was incorporated into the gels; and the sodium dodecyl sulfate (SDS) concentration was increased from 0.1 to 1% in the gels and in the tank buffer. These modifications were reported to reduce LPS aggregation (39, 40) . The gel was stained with the silver stain procedure for LPS (49) .
B. japonicum cells were centrifuged for 15 min at 12,000 x g. Total CPS from mid-log-phase cells were isolated from the pelleted cells as described by Mort and Bauer (37) and estimated by the anthrone-sulfuric acid assay (1) .
Determination of motility and growth rate. Motility was measured in minimal medium containing 0.4% agar. The bacteria were spot inoculated at equal cell densities, and the 
a Paired competition assays with strain MC617 in Leonard jar assemblies. Strains occupying <20% nodules at the inoculum ratio (TnS mutant/MC617) of 10:1 were determined to be competition defective (-). See Table 2 for quantitative data. ND, not determined.
bG, green; Y, yellow.
C Mutants formed colonies with excess polysaccharide. growth pattern was monitored over a period of 7 days. Motility studies in 0.4% agar medium in glass tubing were performed as described by Krieg and Gerhardt (28) . Growth rate measurements were performed in liquid minimal medium (6), and cell number was determined by viable cell count.
RESULTS
TnS mutagenesis and screening for competition-defective mutants. B. japonicum USDA110 was mutagenized with TnS, and colonies with appropriate antibiotic resistance were selected, purified, and replated. After 8 to 10 days of growth, mutants were observed for their colony morphology. From approximately 10,000 TnS insertions, about 115 mutants were selected for their relatively nonmucoid (Exo-) colony type. These mutants were subjected to the paired competition assay described in Materials and Methods in which each mutant strain was challenged with a Nod' Nifderivative of B. japonicum USDA 1-llOARS (strain MC617) at a ratio of 10:1 (Tn5 mutant/MC617). The results of the initial screening procedure, which was based on plant color alone, were confirmed by the analysis of nodule occupancy. The paired competition assays were performed in Leonard jars as well as in plastic pots containing unsterilized soil.
The results presented in Table 1 indicate the different phenotypic groups of TnS mutants isolated. A large number of mutants were found to be "normal" in symbiosis (group I), although they were EPS deficient, indicating that the lack of EPS per se may not be the primary cause for a Comphenotype. Group III mutants formed tiny nodules, and the plants were distinctly nitrogen starved. Group IV mutants were also nitrogen starved, although some C2H2 reduction activity was detected. Group II mutants were defective in the ability to occupy host nodules in the presence of a competing strain. The results of experiment 1 ( 3.6 kb. The cloned DNA fragment was used as a probe to screen the genomic library of wild-type strain USDA110. Approximately 1,000 cosmid clones were screened to obtain one cosmid clone (pAAB8.0) which hybridized to the probe DNA. Digestion with EcoRI indicated an insert size of approximately 9.6 kb, made up of two fragments of 6.0 and 3.6 kb (Fig. 1) .
Complementation of Exo-and Com-defects of mutant A3 by pAAB8.0. The cosmid clone pAAB8.0 was mobilized into mutant A3 by triparental mating (11 2). Competition assays were performed in Leonard jars and in nonsterile soil to evaluate the extent of complementation by pAAB8.0. The plant color and nodule occupancy data ( Table 2 , experiments 7 and 8) indicate that the 9.6-kb DNA fragment on pAAB8.0 has the necessary genes to complement the defect caused by the TnS insertion in A3. The two EcoRI fragments were subcloned in pLAFR1 to delimit the region complementing the Exo fect (Fig. 1) . Cosmid clone pAAB8.1 functionally complemented the Com-defect(s) ( Table 2 , experiment 9), but clone pAAB8.2 did not ( Table 2 , experiment 10).
Cosmid clone pAAB8.0 also was mobilized to the other competition-defective mutants A115, A137, and A145. No complementation of the Exo-or Com-phenotype was found with the exconjugants.
Analysis of LPS. Consistent with the observed colony morphology, Tn5 mutant strain A3 produced less EPS plus CPS (17.5 ,ug/109 cells) than wild-type strain USDA110 (38.7 ,ug/109 cells) or A3(pAAB8.0) (39.5 ,ug/109 cells). The LPS content of strain A3 as shown by SDS-urea-polyacrylamide gel electrophoresis was very different (Fig. 3) 
